Glasses formed by physical vapor deposition (PVD) are an interesting new class of materials, exhibiting properties thought to be equivalent to those of glasses aged for thousands of years. Exerting control over the structure and properties of PVD glasses formed with different types of glass-forming molecules is now an emerging challenge. In this work, we study coarse grained models of organic glass formers containing fluorocarbon tails of increasing length, corresponding to an increased tendency to form microstructures. We use simulated PVD to examine how the presence of the microphase separated domains in the supercooled liquid influences the ability to form stable glasses. This model suggests that increasing molecule tail length results in decreased thermodynamic and kinetic stability of the molecules in PVD films. The reduced stability is further linked to the reduced ability of these molecules to equilibrate at the free surface during PVD. We find that as the tail length is increased, the relaxation time near the surface of the supercooled equilibrium liquid films of these molecules are slowed and become essentially bulk-like, due to the segregation of the fluorocarbon tails to the free surface. Surface diffusion is also markedly reduced due to clustering of the molecules at the surface. Based on these results, we propose a trapping mechanism where tails are unable to move between local phase separated domains on the relevant deposition time scales.
I. INTRODUCTION
Amorphous films of small organic molecules are widely used in applications ranging from organic electronics [1] [2] [3] to protective coatings [4] to nano-imprint lithography [5] . Recent studies have shown that glass packings of organic molecules created using physical vapor deposition (PVD), while the deposition substrate temperature (T dep ) is held below the material's glass transition temperature (T g ), demonstrate remarkable kinetic and thermodynamic stability [6] [7] [8] [9] [10] [11] [12] [13] . These stable glasses are thought to utilize the enhanced mobility at the free surface of the film, such that molecules are able to sample additional configurations and find optimal local positioning before being constrained by subsequent layers [14] [15] [16] [17] [18] . This surface-mediated equilibration (SME) results in high density, low energy films thought to be equivalent to those that have been aged for hundreds or thousands of years. Substrate temperature (relative to T g ) and deposition rate are integral to the surface dynamics of this process and therefore can have a large effect on the properties of PVD glass films [19, 20] .
In light of the discovery of these stable glasses, many have turned to molecular dynamics (MD) simulations to further study these systems in microscopic detail. Singh and de Pablo have developed an algorithm to computationally mirror the vapor deposition process that is able to create the expected lower energy, higher stability films [21] . This protocol has since been used in simple model * rrig@seas.upenn.edu [22] [23] [24] and atomistic studies [21, 25] alike. Lyubimov et al. also used MD simulations to demonstrate the link between a molecule's equilibrium liquid surface properties and the orientation of the molecules during the deposition process, by observing trends in anisotropy of the molecules near the surface [26] that were in good agreement with experiments [27] .
Predicting and controlling the properties of PVD glasses formed with different types of small organic molecules remains a fundamental challenge. In particular, intermolecular interactions seem to have a large effect on the stability of PVD films [28] [29] [30] [31] . This was demonstrated recently by Laventure et. al., who showed that model triazine derivatives with increasing hydrogen bonding capability exhibit lowering kinetic stability [32] . This, along with other recent work [33] [34] [35] [36] , suggest that hydrogen bonding could inhibit the formation of stable glasses, potentially due to limited surface mobility. However, much remains to be learned about the exact nature of the effects of intermolecular forces in general, and the resulting microstructures they can create upon PVD, or even to what extent these microstructures can be imprinted without losing stability. Further studying these effects could elucidate key mechanistic details behind the SME process, allow for the substantial improvement of PVD-engineered glass film properties, and broaden the classes of molecules that can be employed to generate stable PVD glasses.
In this work, we aim to systematically examine the effects of intermolecular interactions and the propensity for microstructure formation on the surface mobility and stability of simulated PVD glasses. To gain insight on the local structure and mechanism, we use MD simula-tions to study empirical coarse grained models of organic molecules containing model fluorocarbon tails of increasing length: 0, 1, 4, and 8 fluorocarbons. The organic glass-formers of interest here, shown in Figure 1 , are made up of two distinct sections: the phenyl "body" and the fluorocarbon "tail". These groups exhibit vastly different dispersion forces, and thus locally each component will avoid mixing with each other. Our coarse-grained model represents each benzene and each fluorocarbon as one of two distinct Lennard-Jones sites, also shown in Figure 1 . By varying the length of the "tail" section, we can tune the degree to which these molecules are able to micro-separate, and then examine the impact this has on the resulting PVD film properties. We note that although the energy and length scale of the interactions were chosen based on the relative polarizabilities and sizes of the phenyl and fluorinated carbon groups, no effort was made to quantitatively map between a higher resolution (e.g., atomistic) model. In the results presented below, we observe a clear trend indicating decreasing PVD film stability and increasing microstructure formation with increasing tail length. We then study the dynamic properties of these model glassformers, namely the mean squared displacement (MSD) at the free surface and the relaxation time of the equilibrium supercooled liquid as a function of depth from the free surface. These results lead us to propose a trapping mechanism in which the longer tail molecules are less likely to escape from locally phase-separated domains at the surface, which is supported by the short-time behavior of these molecules just after deposition and observed trends in stability at slower deposition rates. Furthermore, the longer tails tend to segregate to the free surface, thus slowing the dynamics at the layers right below the free surface where the tails are depleted. The tail segregation effect is also observed in the PVD films, but surprisingly do not lead to bi-layer formation as molecular orientation and rearrangement further below the free surface reduces the degree of segregation and prevents the formation of layers.
II. SIMULATION DETAILS
For the coarse grained models used in this study, each phenyl or CF 2 /CF 3 group in the molecule of interest was represented by a sphere interacting with a LennardJones potential. To represent the different sizes and polarizabilities of the "body", b, groups and the "tail", t, groups, Lennard-Jones parameters were chosen σ bb = 1.0, bb = 1.0, σ tt = 0.6, and tt = 0.05, which are consistent with the relative sizes and polarizabilities of the constituents. For the cross interactions between b and t components, standard Lorentz-Berthelot mixing rules were applied such that σ bt = (σ bb + σ tt )/2 and bt = √ bb tt . The substrate was generated by taking a slice of a disordered Lennard-Jones system of density ≈ 1, and substrate interactions were neutral with both b and t type particles. For each molecule, T g was determined by measuring the potential energy during constant pressure cooling ramps of bulk systems of 1000 molecules in a box with periodic boundaries in the x, y, and z directions, and identifying the temperature at which the thermal expansion coefficient changed. For 0-tail and 1-tail molecules, T g = 0.55, for the 4-tail molecule, T g = 0.48, and for the 8-tail molecule, T g = 0.41. The PVD process was simulated using a method similar to the one developed by Lyubimov et. al. [23] The time allowed for a deposited molecule to cool on the surface of the film was varied to achieve the effect of different deposition rates. A "normal" deposition rate allowed 150 τ and a "slow" deposition rate allowed 300 τ . To create the equilibrium liquid, films created via the PVD protocol were heated to well above their glass transition temperature, T = 1.5T g , allowed to relax, and subsequently cooled to T = 1.2T g . More details of the simulation methods can be found in the Materials and Methods section.
III. RESULTS

A. Structure and stability of PVD Glasses
Several films of the model fluorocarbon tail molecules (0,1,4, and 8-tail) were deposited using the algorithm outlined in the Materials and Methods section and a T dep ranging from 0.75-0.95T g . Figure 2 demonstrates the difference in the cluster formation between molecules of varying tail lengths. Analysis of these microstructures were performed by cooling the as-deposited and transformed supercooled liquid films to 0.75T g , and sorting each tail particle into a cluster, defined such that a particle was considered to be in the same cluster as another if the pair were within 1σ bb of each other. Quantitatively speaking, the average cluster size across all observed films of 1-tail molecules was 1.5 tails and the largest cluster in any film represented just 0.6% of total tails in the system. For the 4-tail molecules, the average cluster contained 3.8 tails and the largest cluster represented 6.5% of the system; for the 8-tail molecules, the average cluster contained 19.1 tails and the largest cluster represented 87% of the system. No significant difference in the cluster size was observed between different deposition temperatures or rates, or between PVD and liquidquenched glasses. Figure 2 further shows that smaller tail molecules lack the ability to form widespread clusters, while larger molecules can arrange themselves to form near-percolating microstructures.
To investigate the stability of the simulated PVD films, we used temperature ramping simulations to observe the change in the system's potential energy upon heating and subsequent cooling of as-deposited glasses with various tail lengths, as can be seen in Figure 3 . We find that across the entire range of relative temperatures studied, a clear trend emerges in the film stability. As Figure 3 shows, those molecules with longer tails, and thus larger clusters, exhibit smaller changes in their potential energy upon transformation to liquid-quenched glasses and demonstrably lower onset temperatures relative to T g than their shorter tail counterparts. This indicates that the differences in the interaction potentials and the resulting microstructures lead to less stable PVD glasses.
B. Supercooled liquid surface properties
To learn more about the mechanism behind the instability of PVD glasses formed with the longer tail molecules, we studied films of each molecule in the equilibrium supercooled liquid state, at the temperature T = 1.2T g . We divided each simulated film in this equilibrium state into layers of thickness 1 σ bb in the z-direction and measured the number of tail and body particles in each layer. Figure 4 each layer for equilibrium supercooled liquid films of the 1, 4, and 8-tail molecules. It can be seen that the tails in these films show a strong tendency to migrate to the free surface, resulting in a tail depletion zone that grows stronger in deviation from system average fraction and in length scale with increasing tail size. Thus the degree of enhanced dynamics at the free surface and its propagation depth into the film also diminishes with increased tail length as seen by the plot of relaxation times of the body particles with increasing z-position in the equilibrium liquid state (Figure 4(b) ). The 8-tail molecule in particular shows bulk-like relaxation behavior up until the very top layer, in contrast to the 0-tail molecule which shows a decrease in the relaxation time that extends farther from the surface. In addition, there are local peaks in the relaxation time for the 4-tail and 8-tail molecules, and by comparing with Figure 4 (a) we can attribute these variations in the relaxation time to the variations in the molecular packing near the interface. Given the favorable surface arrangement of the tail particles, the body particles show preference to be on the secondary layer, and this change in packing leads to longer relaxation times in this region. Figure 4 (c) also compares the MSD along the x − y plane for all particles within the free surface layer. From these results we can see that the molecules with longer tails exhibit sub-diffusive behavior, and the MSD for the 8-tail molecule exhibits a caging plateau with little discernible surface diffusion. 
C. Dynamics of the PVD glass surfaces
The tendency for the tails to migrate to the free surface also impacts the formation of the vapor deposited glasses as can be seen in Figure 5 . This figure shows snapshots of the film composition throughout one instance of the deposition process at 0.90T g . The tail composition is enriched at the surface layer, but as the deposition process continues, this initial layering is reconfigured. This suggests that the liquid-like mobile layer at the film free surface extends beyond the length of these tails, even for the 8-tail molecules where the free surface dynamics are slowed. Figure S1 of the online supplementary information (SI) looks further into the displacement distribution of tails at different locations relative to the free surface.
The existence of mobility below the free surface in the deposited glasses is further demonstrated by the results in Figure 6 , which show the orientation of the unit vector along the end-to-end axis of the tail of the 8-tail molecule during the same deposition instance shown in Figure 5 . Here, to characterize this orientation, we use the P 1 orientational order parameter defined by the first Legendre polynomial. P 1 (z) is calculated using the dot product of this unit vector, n(z), for a tail a distance z away from the free surface, with the unit normal to the substrate, n z ,
such that a positive value of P 1 (z) indicates that the tail of the molecule is oriented toward the free surface of the film. Note that the location of the free surface, and thus the origin of this z-axis, is evolving throughout the deposition process. Figure 6 (a) shows that tails in the initial surface layer (red) are the most likely to be oriented to-ward the free surface during deposition, while those in the secondary layer (blue) are in the process of reorienting to become more isotropic, like those in the bulk of the film (black). Figure 6 (b) then shows the dynamic behavior of this end-to-end tail vector over the course of a deposition via the P 1 bond autocorrelation function, C b , of tails originating at different distances relative to the free surface. Here, the molecular reorientation beyond the initial surface layer can be directly observed. Tails in the surface layer have greater initial mobility, before plateauing after around 50 molecules as they are forced to orient in the positive direction, and then more rapidly reorienting as they enter the secondary layer. Those tails beginning in the secondary layer show a clear reorientation from initial position before then becoming trapped in the bulk-like state. This is a remarkable observation given that previous work has suggested a predominantly surface-diffusion based mechanism for achieving stable PVD glasses. This work clearly demonstrates that relaxation below the free surface plays a role in the ultimate structure of PVD glasses, although it may not necessarily lead to increased stability. While differences between surface relaxation dynamics and surface diffusion in small organic molecules have been highlighted in the past [37] , few experiments have highlighted the potential role of surface dynamics other than the surface diffusion in the formation of stable glasses [18] . The clear evidence for rearrangement at layers below the free surface in this study suggest that the surfacemediated equilibration process may involve more than just the free surface diffusion suggested in the past. Interestingly, this process also hinders layering from the free surface, preventing the formation of bi-layers in the systems chosen in this study, despite significant clustering of the molecules with increased tail length. Thus, we do not observe any longer range structures or domains, and instead we observe disordered clusters. 
D. The effect of cluster formation on stability of PVD glasses
Based on the information gleaned from the equilibrium liquid behavior of these molecules, we propose a mechanism for the relative instability of PVD films of molecules with increasing disparity in the interaction potential. The increasingly bulk-like relaxation time and the subdiffusive surface behavior suggest that as molecules are introduced to the film's free surface, molecules with longer tails will quickly find a configuration in which the "body" and "tail" are matched with like sections, and then become trapped, as they find it increasingly difficult to sample additional configurations. This tendency toward local domain separation interferes with the enhanced mobility typically present at the free surface. Thus, molecules with longer tails will find it more difficult to rearrange into configurations that enable optimal packing, and the resulting PVD glasses will be generally less stable.
To determine whether this phenomenon held on the free surface of a film during the deposition, we monitored the behavior of the 8-tail molecules in the short time immediately after deposition. To get a sense of how the mobility of these molecules changes with local configuration, we measured the mean squared displacement of the "tail" particles in the x − y plane as well as a tail coordination number, C tail , defined as the number of tail particles within 1.5σ bb of a tail particle, over the 300 τ that the molecules were allowed to relax after the initial surface contact. Figure 7 shows the results of these measurements for all tail particles, and two subgroups: those tails which were initially under-coordinated (C tail < 40) and those tails which were initially highly coordinated (C tail > 60). It can be seen that those tails which began in the fairly tail-poor regions exhibit greater than average mobility and evolve toward a greater coordination number much more quickly than other tails. Those which find themselves locally domain separated from the beginning show much lower mobility as well as an overall smaller change in C tail . Across all "tail" particles in this 8-tail system, the mean squared displacement appears to plateau by the end of the allowed deposition time period. Thus, just as proposed, it seems that these longer tail molecules are either initially mobile and become trapped upon entering a tail-rich region, or, are deposited directly into a locally tail-rich area and are therefore already trapped.
To further verify our proposed mechanism, we then generated additional films of the 1 and 8-tail molecules using the "slow" deposition rate across the same range of temperatures, 0.75-0.95T g . Figure 4 indicates that the 8-tail molecules should not gain much additional mobility from the slower rate, while the 1-tail molecules are generally allowed greater exploration distance. Thus, if the trapping mechanism holds, we would expect that the stability gain for the 1-tail molecule films would be greater than that for the 8-tail molecule films. Figure 8 demonstrates the observed stability trends for typical vs. slow deposition rates in the form of a temperature ramp simulation and the percent decrease in potential energy across the spectrum of deposition temperatures. Note that we expect the depositions at lower substrate temperatures to exhibit a greater change in potential energy, because at these temperatures kinetics are the limiting factor, as opposed to the higher deposition temperatures, where a thermodynamic limit is quickly imposed by the equilibrium supercooled liquid state. We see that the slower deposition rate made a more significant impact in PVD film stability for the 1-tail molecule films than for 8-tail molecule films. For the 8-tail molecule, all films above the lowest tested substrate temperature show little-to-no difference within our confidence intervals, and for the lowest substrate temperature, the improvement is only from an unstable glass to a film which is nearly identical to one which was liquid cooled. In contrast, the 1-tail molecule films exhibit more dramatic improvement for each of the three lowest tested substrate temperatures. These results are well aligned with the predictions made using the proposed trapping mechanism.
IV. CONCLUSIONS
Here we take a systematic approach to studying the effects of intermolecular interactions and local domain separation on the properties of PVD glasses. This is done using a coarse-grained model of organic glass forming molecules containing fluorocarbon tails of increasing length, which are immiscible with phenyl "body" groups. We first show that by increasing the tail length, we increase the tendency for the molecules to form locally separated clusters. We then observe that increasing tail length corresponds to generally less stable PVD glasses, as measured by potential energy change over liquid-cooled glasses and changes in the onset temperature.
Studying equilibrium liquid films of these molecules provides insight into the behavior of the molecules on the film free surface. Using measurements of MSD in the x − y plane and local relaxation time in the films, we suggest that the longer the tail of the molecule, and thus the larger the disparity in intermolecular interactions, the more likely they are to become locally trapped upon deposition, and therefore unable to optimize packing position. This mechanism is further supported by observations of 8-tail mobility and local configuration at short times immediately after deposition, and simulations at slower deposition rates, which demonstrate that the 8-tail molecules gain little in terms of stability from having a longer time to rearrange.
We also observe a strong tendency of the tails to segregate to the free surface as the tail length is increased, resulting in enhanced density of body segments in the layers immediately below the free surface which acts to slow-down surface relaxation times for both equilibrium supercooled liquids and the PVD glasses. However, remarkably, even for the 8-tail molecules the surface relaxation times are fast enough in layers below the free surface that allows molecular reorientation, thus resulting in a constant average tail density throughout the PVD films below this surface layer. As such, despite the strong surface tail segregation, macrostructures such as bi-layers do not form in these systems and only disordered clusters are observed, that can span the size of the system. The enhanced relaxation below the free surface during PVD suggest that stable glass formation involves more than just equilibration due to the free surface diffusion.
Understanding the effects of various chemical changes on the surface mobility and packing efficiency of organic glass formers provides us with valuable insight into the fundamentals of this complex process. The mechanism proposed in this study provides a step toward effectively engineering the structure and stability of PVD glass films.
V. MATERIALS AND METHODS
For the coarse grained models used in this study, each group in the molecule of interest was represented by a sphere interacting with a Lennard-Jones potential truncated and shifted using a linear decay term to ensure the potential and force go continuously to zero at the cutoff.
The cutoff distance for the potential is r c = 2.5σ bb . Substrate particles were fixed in their original positions with a harmonic potential (k = 50). Harmonic bonds were placed between each benzene or fluorocarbon pair which are connected in the organic molecule, with lengths adjusted accordingly such that l = 1.0, 0.667 or 0.333 and k bond = 50. Additionally, appropriate harmonic angles were placed between groups of three particles, with four possible angles (90
• , 120
• , 180
• , 109.5
• , k angle = 500). All MD simulations were run using the LAMMPS [38] package in the NVT ensemble and time step of 0.002. The simulation box was 15σ bb by 15σ bb in the x − y plane and was always allowed at least 10σ bb of vacuum space above the free surface of the film. The PVD process was simulated using a method similar to the one developed by Lyubimov et. al. utilizing a number of deposition cycles until the film was grown to approximately 50-60σ bb [23] . A cycle consists of (1) introducing a new, randomly oriented molecule, above the film free surface, (2) linear cooling of the molecule from the high temperature, T = 1.0, to T dep , and (3) minimizing the energy of the system.
To create the equilibrium liquid, films created via the PVD protocol were heated to well above their glass transition temperature, T = 1.5T g , allowed to relax, and subsequently cooled to T = 1.2T g . Local relaxation time was measured by sorting particles according to their position relative to the z-axis, dividing them into bins of equal size, and then fitting the self part of the intermediate scattering function, F s (q, t) with q = 7.14, evaluated at e −1 .
SUPPLEMENTARY INFORMATION
FIG. 1. (a)
Mean squared displacement (MSD) for tail particles during a deposition at 0.90Tg as a function of distance away from the free surface, z. MSD is given as total, displacement in the x − y plane and displacement along the z-axis. (b) Probability distribution of positve (toward the free surface) and negative (toward the substrate) z displacement, rz for tail particles at the free surface (black), just below the free surface (blue), and in the bulk of the film (red). While the bulk film distribution is practically Gaussian, the free surface distribution is skewed to negative displacements, and the distribution just below the free surface is skewed to positive displacements. Thus, the shoulder in (a) for the z displacement at z = 2-3 represents tail particles actively moving toward the free surface.
